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Abstract
Background: Macaca fascicularis (cynomolgus or longtail macaques) is the most commonly used non-
human  primate in biomedical research. Little is known about the genomic variation in cynomolgus
macaques or how the sequence variants compare to those of the well-studied related species, Macaca
mulatta (rhesus macaque). Previously we identified single nucleotide polymorphisms (SNPs) in portions of
94 rhesus macaque genes and reported that Indian and Chinese rhesus had largely different SNPs. Here
we identify SNPs from some of the same genomic regions of cynomolgus macaques (from Indochina,
Indonesia, Mauritius and the Philippines) and compare them to the SNPs found in rhesus.
Results: We sequenced a portion of 10 genes in 20 cynomolgus macaques. We identified 69 SNPs in these
regions, compared with 71 SNPs found in the same genomic regions of 20 Indian and Chinese rhesus
macaques. Thirty six (52%) of the M. fascicularis SNPs were overlapping in both species. The majority (70%)
of the SNPs found in both Chinese and Indian rhesus macaque populations were also present in M.
fascicularis. Of the SNPs previously found in a single rhesus population, 38% (Indian) and 44% (Chinese)
were also identified in cynomolgus macaques. In an alternative approach, we genotyped 100 cynomolgus
DNAs using a rhesus macaque SNP array representing 53 genes and found that 51% (29/57) of the rhesus
SNPs were present in M. fascicularis. Comparisons of SNP profiles from cynomolgus macaques imported
from breeding centers in China (where M. fascicularis are not native) showed they were similar to those
from Indochina.
Conclusion: This study demonstrates a surprisingly high conservation of SNPs between M. fascicularis and
M. mulatta, suggesting that the relationship of these two species is closer than that suggested by
morphological and mitochondrial DNA analysis alone. These findings indicate that SNP discovery efforts
in either species will generate useful resources for both macaque species. Identification of SNPs that are
unique to regional populations of cynomolgus macaques indicates that location-specific SNPs could be used
to distinguish monkeys of uncertain origin. As an example, cynomolgus macaques obtained from 2 different
breeding centers in China were shown to have Indochinese ancestry.
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Background
The cynomolgus macaque (M. fascicularis) is used widely
in biomedical research, advancing the study of simian
immunodeficiency virus (SIV) pathogenesis [1-3], trans-
plantation biology [4,5], diabetes [6], and alcohol
research [7], among others. Currently, more cynomolgus
macaques are imported for use in biomedical research in
the United States than are any other non-human primate
species. While recent efforts have established many
genetic tools for the study of the rhesus macaque, includ-
ing the complete genome sequence [8], a microsatellite
mapping set [9], and a collection of SNPs [10,11], very
few genetic resources are available for cynomolgus
macaque genetic research [12]. Specifically, the M. fascicu-
laris genome sequence, gene expression arrays and a SNP
map are not yet available to advance complex trait analy-
sis in cynomolgus macaques.
Based upon morphological and zoogeographic studies,
the cynomolgus macaque and the rhesus macaque are
posited to be descendants from a common ancestor
inhabiting Indonesia approximately 1.8 million years ago
(MYA) [13]. The cynomolgus macaque range currently
extends from Indonesia northward through the Philip-
pines and Mainland Southeast Asia, including Myanmar,
Thailand and the Indochinese region of Cambodia, Viet-
nam, Laos (Figure 1) [14,15]. The divergence of the conti-
nental and Indonesian animals is estimated to have
occurred between 0.4–1.2 million years ago, though peri-
odic hypothermals over the last 250,000 years created
land bridges that could have permitted migration between
regions [16,17]. An isolated population of cynomolgus
macaques inhabits the island of Mauritius. This popula-
tion is widely considered to have descended from a small
number of animals that arrived by trading ships 400–500
years ago [18,19]. This conclusion is supported by analy-
sis of the major histocompatibility complex (MHC) allele
distribution in the Mauritian animals, which carry a very
limited number of alleles and haplotypes relative to other
macaque populations [3,20,21]. Mitochondrial DNA
(mtDNA) analysis has shown the Mauritian monkeys to
be similar to those of Indonesia and the Philippines [22],
and together with Y chromosome sequences, suggest they
are specifically derived from Sumatra [23]. Finally, M. fas-
cicularis obtained from captive breeding centers in China
are commonly used in research throughout the world.
However, cynomolgus macaques are not native to China,
and thus are descendants of animals imported from else-
where.
The current range of the rhesus macaque extends from
Eastern China through Western India and Pakistan.
Within this territory, Indian and Chinese rhesus sub-pop-
ulations have diverged into genetically distinct subpopu-
lations, as assessed by both mtDNA analysis [24] and
MHC allele distributions [25-27]. Recent genomic studies
have shown that the vast majority (69%) of SNPs identi-
fied in Indian and Chinese rhesus macaque are private to
one of the two subpopulations, and that the Chinese pop-
ulation has nearly twice as many SNPs as the Indian rhe-
sus population [10,11]. The dramatic difference in genetic
heterogeneity between the Chinese and Indian rhesus
macaques has been attributed to both a large expansion of
the Chinese population and a contraction of the Indian
rhesus population [11].
M. fascicularis and M. mulatta co-exist in a limited geo-
graphic range in Mainland SE Asia. The precise evolution-
ary history of the macaques in the overlapping range is
uncertain. For example, mtDNA sequence comparisons of
both species cluster as discrete haplogroups [22,28], con-
sistent with complete lineage sorting and a lack of inter-
species hybridization. However the limited genomic
sequence comparisons to date, including portions of 4
autosomal loci and 2 Y chromosomal loci, suggest a closer
relationship of the species than that predicted by mtDNA
analysis [29-31], and suggests possible contemporary
gene-flow between the macaques in Indochina [31]. In
addition, analysis of the MHC class II region has revealed
a high level of allele sharing between rhesus and cynomol-
gus macaques, though no evidence of identical MHC class
II haplotypes [26].
Geographic ranges of rhesus and cynomolgus macaques Figure 1
Geographic ranges of rhesus and cynomolgus 
macaques. Geographic locations of rhesus (M. mulatta) and 
cynomolgus (M. fascicularis) macaques included in this study 
are shown in capital letters. Colored shading indicates the 
approximate distributions for the two species (adapted from 
Fooden, 1980; and see Fooden, 2000).BMC Genomics 2007, 8:480 http://www.biomedcentral.com/1471-2164/8/480
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We recently reported the discovery and analysis of Chi-
nese and Indian rhesus macaques SNPs in portions of 94
genes [10]. Here we identified the composition and distri-
bution of SNPs from cynomolgus macaques in 10 of those
same gene regions. In addition, a SNP array of rhesus pol-
ymorphisms in 53 genes was used to genotype cynomol-
gus macaque DNAs from 5 different geographic regions
(Indochina, Indonesia, Philippines, Mauritius and breed-
ing centers in China). We found 51% of the polymor-
phisms were present in both cynomolgus and rhesus
macaques. These findings suggests that the SNPs identi-
fied through genomic discovery efforts in rhesus macaque
will have direct benefit to the development of cynomol-
gus macaque SNP research tools as well.
Results
We sequenced the DNA of 20 cynomolgus macaques, 5
each from Indochina, Indonesia, Mauritius and the Phil-
ippines, and compared the sequences to those from the
same chromosomal regions of 10 Indian and 10 Chinese
rhesus macaques. In each case, the 3' end of a gene was
amplified, producing an average DNA fragment of 545
base pairs. The gene regions selected include a representa-
tive range of rhesus SNP densities (3–14 SNPs/region)
and population distributions of Chinese and Indian rhe-
sus SNPs (63:28). Comparing the M. fascicularis and M.
mulatta sequences, we did not identify any fixed base dif-
ferences that distinguished the macaque species. The only
variants detected were polymorphic. There were a total of
69 SNPs in the cynomolgus macaque DNAs, with individ-
ual genes having between 2 and 13 polymorphisms (Fig-
ure 2a) (see Additional file 1). This SNP density was
almost identical to that of the rhesus macaque, which had
71 SNPs in the same regions.
A comparison of the SNPs identified in these 10 gene
regions revealed a high level of overlap between rhesus
and cynomolgus macaques. In total, 52% (36/69) of the
SNPs in M. fascicularis were also found in rhesus
macaques (Figure 2a). All loci sequenced included at least
one shared macaque SNP, with an average of 3.6 (SEM ±
0.57) SNPs per locus overlapping between species. Sev-
enty percent (14/20) of the SNPs present in both Indian
and Chinese rhesus populations were also present in
cynomolgus macaques (Figure 2b). Comparing the two
rhesus subpopulations, 38% of the SNPs identified pri-
vate to Indian rhesus and 44% of those private to Chinese
were also found in cynomolgus DNAs. Indian rhesus has
an overall lower level of genetic heterogeneity, and thus
has a lower absolute number of SNPs that overlap with M.
fascicularis (17), as compared with Chinese rhesus (33)
(Figure 3).
The DNA sequence analysis revealed the level of genetic
variation to be similar in all four M. fascicularis geographic
populations: Indonesia (39), Mauritius (31), the Philip-
pines (29), and Indochina (31) (Table 1) (see Additional
file 2). Of these, 36 of the alleles were private to a single
geographical population; Indochinese animals had the
most private SNPs, 15. To determine if animals from the
overlapping range of the two macaque species had a larger
number of shared SNPs, we compared the variants in the
Indochinese M. fascicularis with those from Indonesian
animals. We found nearly the same number of SNPs asso-
ciated with the Chinese rhesus macaques in both Indochi-
nese and Indonesian populations, 19 and 20, respectively
(Table 1) (see Additional file 2).
To expand the analysis, DNAs from 100 cynomolgus
macaques originating from Indochina (25), Indonesia
(20), Mauritius (23), the Philippines (16) and breeding
centers in China (16) were genotyped using a SNP array
Comparisons of M. fascicularis and M. mulatta SNP densities  and distributions in 10 genomic regions Figure 2
Comparisons of M. fascicularis and M. mulatta SNP 
densities and distributions in 10 genomic regions. a) 
The genes in which 3' regions were sequenced in 20 M. fascic-
ularis and 20 M. mulatta are shown. The number of SNPs 
found in each species and the number found common to 
both species are indicated. b) The distribution of SNPs in M. 
fascicularis compared with those found in the same gene 
regions of M. mulatta. The SNPs identified in M. mulatta 
(blue) are grouped into those private to just one rhesus pop-
ulation and those shared by both Chinese and Indian rhesus. 
The yellow bars indicate the number of SNPs found in M. fas-
cicularis.
A Gene
Analyzed 
Region (bp)
M.f. SNPs M.m. SNPs Shared SNPs
CCL5 558 7 3 2
CCL8 580 13 8 7
CCR1 691 3 6 2
CCR9 609 2 3 1
CD44 459 6 10 4
CD74 462 9 14 7
CXCL12 606 10 7 2
IFNG 450 5 6 5
NOS1 460 7 8 4
TLR4 570 7 6 2
Total SNPs 69 71 36
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containing previously identified rhesus macaque poly-
morphisms within the 3'ends of genes [10]. The rhesus
SNP array includes 64 SNPs from 53 genes on 18 chromo-
somes (see Additional file 3). The array incorporates SNPs
that have a minimum minor allele frequency (MAF) of
0.15 in at least one rhesus population, and are either
unique to Indian rhesus (24), Chinese rhesus (19) or are
shared in both Indian and Chinese rhesus populations
(21). The genotypes of a representative set of 50 M. fascic-
ularis are shown in Figure 4. This assay included 6 SNPs
that had been identified in cynomolgus macaques by
direct sequencing, and each genotype was confirmed by
the SNP array. Excluding the 6 confirmed SNPs, 50% (29/
58) of the rhesus SNPs assayed were also present in
cynomolgus macaques. In this sampling, 81% of the SNPs
previously identified in both Indian and Chinese rhesus
were also found in M. fascicularis, whereas 63% of the Chi-
nese-specific SNPs and 29% of the Indian-specific SNPs
were detected in cynomolgus macaques (Table 2).
The genotypes of two SNP loci, MAOA:116 and
CCR1:641, are of particular interest. MAOA:116 alleles are
largely fixed in the rhesus population, with the C-allele
being found in Indian rhesus and the G-allele being found
in Chinese rhesus [10]. In the cynomolgus macaques 195/
200 chromosomes carried the Indian rhesus C-allele. The
rare G-allele was only observed in the Indochinese
cynomolgus monkeys. At the CCR1:641 locus, the minor
allele frequency was high (0.41) in the Indochinese and
Chinese M. fascicularis, however no heterozygous geno-
types were detected among the 41 macaques screened
from these populations. The genotypes from both the SNP
assay and direct sequencing were concordant at this locus.
We also used the SNP array to compare the genotypes of
cynomolgus macaques from known geographic ancestry
to those of animals imported from two breeding centers
in China. Of the 12 SNPs in this assay that were only
detected among the 25 Indochinese macaques, 11 were
also found in the 16 animals obtained from China. The
average minor allele frequency of these 12 specific SNPs
was 0.19 in the Indochinese animals and 0.16 in the M.
fascicularis from China.
Discussion
We found that approximately half of the SNPs identified
in M. fascicularis are also present in M. mulatta. The find-
ing indicates that efforts to identify SNPs in either species
will be beneficial in generating resources for both
macaque species. The recent publication of the rhesus
genome sequence has sparked interest in developing
genome-wide SNP arrays for use in biomedical research
[8]. Such a rhesus macaque SNP array could be used to
genotype  M. fascicularis DNAs, which based upon this
analysis, would capture about 50% of the genomic SNPs
in cynomolgus macaques.
In this sampling, we identified 36 SNPs that appeared
unique to a single geographic population of M. fascicula-
ris, suggesting that genetic differences between the popu-
lations could underlie unrecognized phenotypic
differences between these animals. Since genetic heteroge-
neity can complicate the reproducibility of results in bio-
medical studies, it would be prudent to use animals from
Table 1: Distribution of SNPs identified by DNA sequencing 10 gene regions.
Total # SNPs Private to M. f. Shared with M. m. Chinese2 Shared with M. m. Indian2
M. fascicularis 69 33 33 17
Indonesia 39 (11)1 17 20 11
Mauritius 31 (3)1 14 16 9
Philippines 29 (7)1 13 15 6
Indochina 31 (15)1 11 19 11
1The number of SNPs private to each population is noted in parentheses ().
2Includes all SNPs identified in this population.
Venn diagram of SNPs identified in 10 gene regions Figure 3
Venn diagram of SNPs identified in 10 gene regions. 
The number and relationship of SNPs identified in M. fascicu-
laris and M. mulatta through DNA sequencing of 10 gene 
regions. The numbers of SNPs found in both single and com-
binations of populations are shown.BMC Genomics 2007, 8:480 http://www.biomedcentral.com/1471-2164/8/480
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only a single population of M. fascicularis in a single
research study. Towards this goal, population-specific
SNPs could be used to verify the ancestry of a research ani-
mal when it is uncertain. As example, the population-spe-
cific SNPs from this study identified cynomolgus
macaques from two breeding centers in China as being of
Indochinese descent. An expanded SNP discovery effort
would readily identify more population markers, making
it possible to identify hybrid M. fascicularis as well.
The finding that approximately half of the SNPs found in
M. fascicularis overlap with those found in M. mulatta is
remarkable, given that previous analysis showed that only
31% of SNPs in rhesus macaques are shared by both the
Indian and Chinese subpopulations [10,11]. The overlap-
Table 2: Number of SNPs identified in M. fascicularis using an M. mulatta SNP array.
M. m. Indian SNPs (24 total) M. m. Chinese SNPs (19 total) M. m. Chn & Ind SNPs (21 total)
Indonesia 3 8 12
Mauritius 2 8 9
Philippines 3 6 9
Indochina 6 12 14
Chinese breeding centers 6 10 12
Total SNPs in M. fascicularis 7 (29%) 12 (63%) 17 (81%)
Genotype analysis of 50 M. fascicularis DNAs using M. mulatta SNPs Figure 4
Genotype analysis of 50 M. fascicularis DNAs using M. mulatta SNPs. The M. fascicularis populations surveyed are 
shown on the left. The SNPs are identified at the top, and are grouped by the M. mulatta population in which they were origi-
nally identified. SNP genotypes identified in M. fascicularis are indicated as homozygous major (green), homozygous minor (red), 
heterozygous (yellow), and no information is indicated by white.
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In546 G/G C/C G/G C/C G/G C/C A/G A/A A/A G/G C/C A/A C/T T/T G/G G/G A/A G/G G/G T/T C/C T/T G/G A/A C/C A/A A/C A/A T/T T/T C/T A/A C/G T/T G/G C/T
In569 G/G C/C G/G C/C T/T C/G G/G A/A A/A G/G C/C A/A C/T T/T G/G G/G A/A G/G G/G T/T C/C T/T G/G A/A C/C G/G C/C N/N G/T T/T C/C A/A C/C T/T G/G C/C
In618 G/G C/C G/G C/C T/T G/G G/G A/A A/A G/G C/C A/A T/T C/T G/G A/G A/G G/G A/G T/T C/C T/T G/G A/A C/C A/G A/A A/G T/T C/T C/C A/A C/G T/T G/G T/T
In632 G/G C/C G/G C/C T/T C/G A/A A/A A/A G/G C/C A/A T/T C/T A/G G/G A/A G/G A/G T/T C/C T/T G/G A/A C/C A/A C/C A/G G/G T/T T/T A/A C/C A/T A/G C/C
In635 G/G C/C G/G C/C T/T G/G G/G A/A A/A G/G C/C A/A T/T C/T G/G G/G A/A A/A G/G T/T C/C T/T G/G A/A T/T A/G A/A A/G G/T T/T C/C A/A G/G T/T G/G C/T
In637 G/G C/C G/G C/C T/T C/G G/G A/A A/A G/G C/C A/A T/T T/T G/G A/G A/A G/G G/G T/T C/C T/T G/G A/A C/C A/G C/C A/A T/T T/T C/C A/A C/C A/T G/G C/C
In643 G/G C/C G/G C/C G/G C/G A/G A/A A/A G/G C/C A/G C/C C/C G/G A/G A/A A/A G/G T/T C/C T/T G/G A/A C/C A/G A/C A/G G/T T/T T/T A/A C/G A/A G/G C/T
In226 G/G C/C G/G C/C T/T G/G G/G A/A A/A G/G C/C A/A T/T C/C G/G A/G A/A A/G G/G T/T C/C T/T G/G A/A C/T N/N A/C A/G T/T T/T C/T A/T C/C A/A G/G C/T
In340 G/G C/C G/G C/C T/T C/G G/G A/A A/A G/G C/C A/A C/T T/T A/G A/G A/G A/A A/G T/T C/C T/T G/G A/A C/C A/G A/A G/G T/T T/T C/T A/T N/N A/A G/G C/T
In344 G/G C/C G/G C/C T/T C/G A/G A/A A/A G/G C/C A/A C/T T/T G/G A/G A/G A/A A/G T/T C/C T/T G/G A/A C/C G/G C/C A/A T/T T/T T/T A/A C/C T/T G/G C/T
M0004 G/G C/C G/G C/C G/G C/G G/G A/A A/A G/G C/C A/G C/T T/T A/G G/G A/A A/G G/G T/T C/C T/T G/G A/A C/C G/G A/A A/A T/T T/T C/C A/A C/G A/T G/G C/C
M0009 G/G C/C G/G C/C G/T C/G G/G A/A A/A G/G C/C A/A T/T C/T A/G G/G A/A A/A A/G T/T C/C T/T G/G A/A C/C G/G A/A A/A T/T T/T C/C A/A C/G A/T G/G C/C
M0010 G/G C/C G/G C/C G/T C/G G/G A/A A/A G/G C/C A/A C/T T/T G/G A/G A/G G/G G/G T/T C/C T/T G/G A/A C/C G/G A/A A/A T/T T/T C/C A/A C/C A/A A/G C/C
M0016 G/G C/C G/G C/C G/G G/G G/G A/A A/A G/G C/C A/A T/T T/T A/G A/A A/A A/A A/G T/T C/C T/T G/G A/A C/T G/G A/A A/A T/T T/T C/C A/A C/C A/T A/G C/C
M0034 G/G C/C G/G C/C T/T G/G G/G A/A A/A G/G C/C A/A T/T C/T G/G G/G A/A A/A A/G T/T C/C T/T G/G A/A C/C A/G A/A A/A T/T T/T C/T A/A G/G A/T G/G C/C
M4009 G/G C/C G/G C/C G/T C/G G/G A/A A/A G/G C/C A/A C/C T/T A/G G/G A/A A/A A/G T/T C/C T/T G/G A/A C/C G/G A/A A/G T/T T/T C/T A/A C/C A/T G/G C/C
M4010 G/G C/C G/G C/C G/T C/G G/G A/A A/A G/G C/C A/G T/T T/T A/A A/A A/A A/G A/A T/T C/C T/T G/G A/A C/C G/G C/C A/A T/T T/T C/C A/A C/G A/T G/G C/C
M4012 G/G C/C G/G C/C G/T C/G G/G A/A A/A G/G C/C A/G C/T C/C A/G A/G A/A A/A G/G T/T C/C T/T G/G A/A C/C A/G A/C A/A T/T T/T C/C A/A C/C A/T G/G C/C
M4017 G/G C/C G/G C/C G/T C/G G/G A/A A/A G/G C/C A/A T/T C/T A/G A/A A/A A/A A/G T/T C/C T/T G/G A/A C/T A/G C/C A/A T/T T/T C/C A/A C/G A/A G/G C/C
M4018 G/G C/C G/G C/C G/G C/C G/G A/A A/A G/G C/C A/A C/T C/C A/G A/G G/G A/G G/G T/T C/C T/T G/G A/A T/T G/G A/C A/G T/T T/T C/T A/A C/G T/T G/G C/C
P0504 G/G C/C G/G C/C T/T C/C G/G A/A A/A G/G C/C A/A C/C C/C G/G A/G A/A A/G A/A T/T C/C T/T G/G A/G C/C A/A A/C A/G T/T T/T C/C A/A C/G T/T G/G C/C
P0531 G/G C/C G/G C/C G/G C/C G/G A/A A/A G/G C/C A/A T/T C/C G/G G/G A/A G/G A/G T/T C/C T/T G/G G/G C/C A/A C/C A/A T/T T/T C/C A/A C/G T/T G/G C/C
P0534 G/G C/C G/G C/C T/T G/G A/A A/A A/A G/G C/C A/A C/T C/T G/G G/G A/A G/G A/G T/T C/C T/T G/G G/G C/T A/A C/C A/A T/T T/T C/C A/A G/G T/T G/G T/T
P0538 G/G C/C G/G C/C T/T C/G G/G A/A A/A G/G C/C A/A C/T C/C A/A A/G A/A G/G A/A T/T C/C T/T G/G G/G C/T A/G A/C A/A T/T T/T C/C A/T C/C A/A G/G T/T
P0539 G/G C/C G/G C/C T/T C/C A/G A/A A/A G/G C/C A/A C/T C/T G/G A/G A/A G/G A/A T/T C/C T/T G/G A/G C/C A/G C/C A/A T/T T/T C/C A/A G/G T/T G/G T/T
P1204 G/G C/C G/G C/C T/T C/G G/G A/A A/A G/G C/C A/A C/T C/C G/G G/G A/A G/G A/G T/T C/C T/T G/G G/G C/C A/A A/C A/A T/T T/T C/C A/A C/G N/N G/G C/T
P1227 G/G C/C G/G C/C T/T C/G A/G A/A A/A G/G C/C A/A T/T C/C G/G A/G A/A G/G A/A T/T C/C T/T G/G A/G C/C A/G C/C A/A T/T T/T C/C A/A C/C A/A N/N C/T
P1235 G/G C/C G/G C/C T/T C/G G/G A/A A/A G/G C/C A/A T/T C/C A/G A/A A/A G/G A/A T/T C/C T/T G/G A/G C/T A/G C/C A/A T/T T/T C/C A/A C/C T/T G/G T/T
P1279 G/G C/C G/G C/C T/T C/C A/G A/A A/A G/G C/C A/A T/T C/C G/G A/G A/A G/G A/A T/T C/C T/T G/G G/G C/C G/G C/C A/A T/T T/T C/C A/A G/G A/A G/G C/C
P1280 G/G C/C G/G C/C T/T C/G A/G A/A A/A G/G C/C A/A T/T C/T G/G A/G A/A A/G A/G T/T C/C T/T G/G A/G C/C A/A C/C A/A T/T T/T C/C T/T G/G A/A G/G T/T
P1455 G/G C/C G/G C/C T/T C/C A/A A/A A/A G/G C/C A/A T/T C/C G/G G/G A/A G/G A/A T/T C/C T/T G/G A/G C/C A/A C/C A/A T/T T/T C/C A/T G/G A/A G/G C/T
V22216 A/A C/C G/G C/C T/T C/G G/G A/A A/T G/G C/C A/A C/T C/C A/A G/G A/G A/A A/G C/T C/C T/T A/G A/A C/C G/G A/A A/G G/T T/T T/T A/A C/C A/A G/G T/T
V23454 A/A C/C G/G C/C G/G C/G G/G A/A A/A G/G C/C A/A T/T C/T A/A G/G A/G A/A G/G C/C C/C T/T G/G A/G C/C G/G A/A A/G T/T C/C C/T A/A C/G A/A G/G C/C
V23742 G/G C/T G/G C/C G/G G/G G/G A/C A/A G/G C/C A/A T/T C/C A/G G/G A/A A/A G/G C/T C/T C/T G/G A/A C/C G/G A/A A/A T/T T/T C/T A/A C/G A/A A/G C/C
V23761 A/A C/C A/G C/C T/T G/G G/G A/A A/A G/G C/C A/A T/T C/C A/A G/G A/G A/A G/G C/C C/C T/T G/G A/A C/C G/G A/C A/A G/T T/T C/C A/A C/C A/A G/G C/C
Ca505 A/A C/T G/G C/T G/G C/G G/G A/C A/A G/G C/C A/A T/T C/C A/A G/G G/G A/G A/G T/T C/C T/T G/G A/A C/C G/G A/A A/A T/T T/T C/C A/T C/C A/A A/G C/C
Ca507 A/A C/T A/G C/C G/T G/G G/G A/A A/A G/G C/C A/G T/T C/C A/G A/G A/G A/A G/G C/T C/C T/T G/G A/A C/C G/G A/A A/A G/T C/T C/T A/A G/G T/T G/G C/C
Ca508 G/G C/C G/G C/C T/T C/G G/G A/A A/A A/G C/G A/G T/T C/C A/A A/G A/G A/A A/G C/C C/C T/T G/G A/A C/C G/G A/A G/G G/T C/T C/C A/A C/C A/A G/G C/T
Ca538 G/G C/T G/G C/C G/T C/C G/G A/C A/A A/G C/C A/G T/T C/C A/A G/G G/G A/G G/G C/T C/C T/T G/G A/A C/C G/G A/A A/A G/T T/T C/T A/A C/C A/A G/G C/C
Ca539 A/A C/C G/G C/C G/G C/G G/G A/A A/A G/G C/C A/A C/T C/C A/A A/G A/G A/A G/G C/C C/C T/T G/G A/A C/C G/G A/A A/A T/T T/T C/T A/A C/C A/T G/G T/T
Ca540 A/A C/C G/G C/C G/T G/G G/G A/A A/A G/G C/G A/G T/T T/T A/G G/G A/A A/A G/G C/C C/T T/T G/G A/A C/C G/G A/A A/A T/T C/T T/T A/A C/G A/T G/G C/C
Ch057 G/G C/C G/G C/T T/T G/G G/G A/A A/A G/G C/C A/G T/T C/C A/G G/G A/A A/G G/G T/T C/C T/T G/G A/A C/C G/G A/A A/A T/T C/T C/T A/A C/C A/T G/G C/C
Ch145 A/A C/C G/G C/C G/G C/G G/G A/A A/A G/G C/C A/G C/T C/C A/A G/G G/G A/A G/G C/T C/T T/T G/G A/A C/C A/G A/A A/A T/T T/T C/T A/A C/C T/T G/G C/C
Ch257 A/A C/C A/A C/C T/T C/G G/G A/A A/A G/G C/G A/A T/T C/C A/A G/G A/A A/A G/G C/C C/C T/T G/G A/G C/C A/G A/A A/A G/T C/T T/T A/A C/G A/A G/G C/C
Ch259 G/G C/T G/G C/C G/G C/G G/G A/A A/A G/G C/C A/A T/T C/C A/G G/G A/G A/A G/G N/N C/T T/T G/G A/A C/C G/G A/A A/A T/T T/T T/T A/A C/C A/T G/G C/C
Ch271 G/G C/C G/G C/C G/G G/G G/G A/A A/T G/G C/C A/G T/T C/C A/A A/G A/A A/A G/G C/C C/C T/T G/G A/A C/C G/G A/A A/A G/T T/T C/T A/A C/G T/T G/G C/T
Ch286 A/A C/C G/G C/C G/G G/G G/G A/A A/A G/G C/C A/A T/T C/C A/A G/G A/G A/G A/G C/C C/T T/T A/G A/G C/C G/G A/A A/A G/T T/T C/T A/A C/C A/T G/G T/T
Ch289 G/G C/T A/G C/C G/G C/G G/G A/A A/A G/G C/C A/A C/T C/C A/G G/G A/A A/G G/G T/T C/C T/T G/G A/A C/C G/G A/A A/A T/T T/T C/T A/A C/G A/T G/G C/T
Ch290 A/A C/T G/G C/C T/T C/G G/G A/A A/A G/G C/C A/G T/T C/C G/G G/G G/G A/A G/G C/T C/T T/T G/G A/A C/C G/G A/A A/A T/T C/T C/T A/A C/C A/T G/G C/C
Ch306 A/A C/C A/A C/C T/T C/G G/G A/C A/A G/G C/C A/A C/T C/C G/G G/G A/A A/A G/G C/C C/C T/T G/G A/G C/C A/G A/A A/A T/T T/T T/T A/A C/C A/A G/G C/C
Ch308 G/G C/T G/G C/C G/T G/G G/G A/A A/A G/G C/C A/A T/T C/T G/G G/G G/G A/A G/G C/C C/T T/T G/G A/A C/C G/G A/A A/A T/T T/T T/T A/A C/C A/T G/G C/C
M. m. Indian SNPs M. m. Chinese SNPs M. m. Chn & Ind SNPs
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ping SNPs in M. fascicularis include ones that are private
to Chinese or Indian rhesus, as well as those that are
shared between Indian and Chinese populations. While
there are more SNPs from the Chinese rhesus than Indian
rhesus macaques present in cynomolgus macaques, there
are about twice as many SNPs present in the Chinese rhe-
sus population as whole. An evolutionary bottleneck that
reduced the overall genetic diversity of the Indian rhesus
macaque has been proposed [11], and such a contraction
could also have reduced the representation of ancestral
macaque SNPs in Indian rhesus monkeys.
There are several possible explanations for the high per-
centage of shared variants in these two macaque species.
The SNPs identified in both M. fascicularis and M. mulatta
could represent that the most ancient SNPs in the fascicu-
laris group, those that predate the divergence of rhesus
and cynomolgus macaques. Consistent with this idea, the
majority of SNPs found in both Indian and Chinese rhe-
sus macaques were also found in M. fascicularis. Interest-
ingly, although mtDNA analysis supports the divergence
of these two species 1.8 MYA [32,33], the few studies to
date of nuclear DNA loci have suggested a closer relation-
ship [29-31]. Our findings also suggest a more complex
evolutionary history than that suggested by mtDNA
alone.
It is possible that relatively recent gene flow between these
two macaque species has contributed to the high rate of
overlap between M. mulatta and M. fascicularis SNPs. The
Y-chromosome sequence studies of Tosi et al. suggest
interspecies hybridization, though only within the current
overlapping range of Chinese rhesus macaques and Indo-
chinese cynomolgus macaques [30,31]. However, in this
study we found that Indonesian cynomolgus macaques
also share a high percentage of SNPs with the rhesus
macaques. Thus if interspecies hybridization contributed
to the shared sequences, it likely would have occurred
before or during periods of glaciation, when land bridges
could have permitted the migration of macaques as far
South as Indonesia. Nonetheless, gene flow between Chi-
nese rhesus and M. fascicularis does not explain all of the
overlapping SNPs, since there is also evidence of Indian-
specific rhesus variants in M. fascicularis. Due to the geo-
graphic barriers that separate India and Indonesia, SNPs
common to both of these populations are more likely a
consequence of either sequence conservation or conver-
gent evolution.
Selective pressure to maintain some of the sequence vari-
ants could have contributed to the retention of some SNPs
in both M. fascicularis and M. mulatta. Possible evidence of
selective pressure can be found within this study. By both
direct sequence comparisons and SNP array genotyping,
we found that one SNP locus (CCR1:641) had a high
minor allele frequency (0.41) in the macaques derived
from Indochina and Chinese breeding center, and yet no
heterozygous individuals were detected, a striking depar-
ture from Hardy-Weinberg equilibrium. This finding
could be the consequence of inadequate sample size, or a
technical issue that was resolved neither by direct
sequencing nor by the SNP array. However it is also possi-
ble that a heterozygous genotype at CCR1:641, or at alle-
les tightly linked to this locus, is associated with decreased
survival. This is not implausible, since CCR1 encodes the
chemokine receptor 1 protein, which is involved in leuko-
cyte recruitment in response to pathogenic infections
[34].
The MAOA:116 locus has fixed alleles in the Indian and
Chinese rhesus macaque populations and was included in
this study of M. fascicularis. The allele present in > 99% of
Indian rhesus (C) was also found in almost all of the M.
fascicularis, with the only exceptions being a few individu-
als from the Indochinese population. This skewed pres-
ence of the Indian rhesus allele in the M. fascicularis
animals is striking. The MAOA gene encodes monoamine
oxidase A, a protein that is involved in the breakdown of
neurotransmitters, including norepinephrine and serot-
onin. Some alleles of MAOA  are thought to influence
aggressive and impulsive behaviors in primates [35]. Per-
haps selective pressure favors different MAOA alleles in
varying macaque populations or environments.
There were no fixed alleles detected in this study that dis-
tinguish M. fascicularis and M. mulatta, and thus there is
no direct evidence of gene replacement between species.
Based upon the morphological and anatomical differ-
ences between the macaques, one would expect some
gene replacement to be present. Additional sequencing of
larger regions of genomic DNA will be needed to resolve
the rate of allele fixation between these two macaque spe-
cies.
Conclusion
We found that 52% of the SNPs identified in M. fascicula-
ris are also found in M. mulatta. The high rate of overlap
suggests that the evolutionary relationship of rhesus and
cynomolgus macaques may be closer than that suggested
by previous morphological and mtDNA analysis. It also
indicates that future SNP discovery efforts in either
macaque species will generate information that will be
useful for both species. Future efforts to identify cynomol-
gus SNPs would not only advance genetic research in this
widely used animal model, but would also generate tools
for verifying the origins of animals for studies where
ancestry is important.BMC Genomics 2007, 8:480 http://www.biomedcentral.com/1471-2164/8/480
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Methods
DNA sources
M. fascicularis DNAs used in this study were obtained from
at least 2 sources for each geographic region: 25 from
Indochina (21 from Cambodia and 4 from Vietnam;
SNBL USA, Everett, WA; Alpha Genesis, Yemassee, SC); 20
from Indonesia (Tinjil Island, founded by animals native
to Western Java and Southern Sumatra; Java via SNBL
USA, Everett, WA; Worldwide Primates, Miami, Florida);
23 from Mauritius (Charles River Laboratories, Wilming-
ton, MA, via the University of Washington and the Univer-
sity of Wisconsin); 16 from the Philippines (SICONBREC,
Tanay, Rizal Province, Luzon Island; Del Mundo Trading,
Mandaluyong, (central) Manila, Luzon island; Jan Vacek,
Located in ILOILO, on the Island of Panay.); 16 from
China (SNBL USA, Everett, WA; Alpha Genesis, Yemassee,
SC).
DNA analysis
The 10 gene regions chosen for direct DNA sequence anal-
ysis were selected from those previously analyzed in rhe-
sus macaques [10]. In each case, PCR amplification was
achieved using Taq Polymerase (Fermentas, Inc., Hano-
ver, MD) in accordance with the manufacturers protocol,
along with primers designed from the rhesus macaque
genomic sequence (see Additional file 4). Amplification
products were separated by agarose gel electrophoresis
and isolated using Montage Gel Extraction Kit (Millipore,
Inc., Bedford, MA). The DNA fragments were sequenced
using the PCR amplification primers and Big Dye Chem-
istry; the products were separated on a Genetic Analyzer
3130 (Applied Biosystems, Inc., Foster City, CA).
Sequence electropherograms were visually inspected and
compared using Sequencher 4.7 (GeneCodes, Inc., Ann
Arbor, MI).
A custom SNP array was used to genotype 64 previously
identified rhesus SNPs, using iPLEX reagents and proto-
cols for multiplex PCR, single base primer extension and
generation of mass spectra in accordance with the manu-
facturer's instructions (Sequenom, Inc., San Diego, CA).
The multiplex reactions included 28, 17, 12 and 7 primer
sets.
All SNPs identified in this work were deposited in dbSNP
and monkeySNP databases [36,37].
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